Background: Planum Boreum, the north polar plateau of Mars, displays four extensive low-albedo regions covered with widespread sedimentary deposits that are thick enough to partly or completely suppress the signature of the residual water ice that forms the uppermost zone of the polar layered deposits. These sedimentary deposits appear to have a source primarily in a buried sedimentary layer preferentially exposed along the walls and floors of some polar troughs. The deposits extend and drape over circum-polar dunes.
Introduction
The polar regions of both Earth and Mars have volatile-rich deposits, the histories of accumulation of which are thought to have been predominantly controlled by their respective climatic histories. Geologic studies of the north polar plateau of Mars reveal the following stratigraphic sequences and relationships.
The youngest stratigraphic unit is the residual water-ice cap, generally ≤ 3 m thick, displays pits, cracks, and knobs at horizontal scales of tens of meters in Mars Global Surveyor's (MGS) Mars Orbiter Camera (MOC) images (Thomas et al. 2000) . The underlying layers are darker and make up a tens-of-meter-thick sequence of relatively high-albedo upper layered deposits (ULD), which appear to lack unconformities. The ULD consist of at least three or four and as many as seven layers detectable in MOC images (e.g., MOC images E20-00005 and S22-01165), and their deposition may be linked to a climatic stage of low obliquity during the past 4 to 5 million years (Laskar et al., 2002) during which volatile accumulation in the northern polar region was the dominant process forming north polar-layered deposits. The ULD rest unconformably on lower, darker layered deposits (LLD) (Tanaka 2005 , Thomas et al. 2000 Howard et al. 1982) .
The LLD appear to consist of indurated, competent materials having local unconformities that indicate a complex history of erosion and deposition (Tanaka 2005, Malin and Edgett 2001) . The LLD are made up of >250 layers at MOC resolution that are generally 1-10 m thick and best exposed in poleward-facing scarp walls. The layers form distinct sequences characterized by albedo (Tanaka 2005 , Milkovich and Head 2005 , Laskar et al. 2002 . The total thickness of the LLD may exceed 1000 m, but the local thickness is likely to be variable due to the apparent rugged topography of the underlying materials that form a sizable fraction of Planum Boreum and the LLD's eroded topography (Tanaka 2005 ).
The underlying deposits form cross-bedded and evenly, relatively thick (tens of meters) bedded materials that collectively reach hundreds to more than a kilometer in thickness and may date back to the Early Amazonian (Tanaka 2005 , Fishbaugh and Head 2005 , Herkenhoff 2003 , Byrne and Murray 2002 , Malin and Edgett 2001 , These materials are exposed in steep scarps and form much of the floor of Chasma Boreale; the cross-bedded materials appear to be largely made up of sand as dark dunes originate from where they are exposed.
Despite the fact Planum Boreum on Mars is among the most geologically active surfaces on the planet, and its stratigraphic record displays considerable evidence for deposition of ice and atmospheric dust driven by the water and carbon dioxide cycles of Mars (e.g. Thomas et al. 1992) , the nature of the erosional process that produced the unconformities and other erosional features in the north polar-layered deposits remains poorly understood. Among the more enigmatic erosional features are the polar troughs, for which early models of formation included insolation (e.g., Howard 1978) , Cutts 1973) and glacial deformation (e.g., Weijermars 1986) . Wind is also a major erosional process of the polar layered deposits that likely is important in forming the polar troughs and Chasma Boreale, along with fields of yardangs (Kolb and Tanaka 2001, Howard 2000) . Chasma Boreale has also been attributed to fluvial erosion from subglacial outbursts of meltwater Head 2002, Benito et al. 1997) . Although many studies have interpreted glacial movement and ice relaxation for the materials of Planum Boreum (e.g., Pathare and Paige 2005 , Fisher 2000 , Fishbaugh and Head, 2000 , other studies suggest that little such deformation has occurred.
We have identified extensive water-ice free low albedo surfaces in Planum Boreum, which correspond to zones that are extensively mantled by dark sedimentary deposits. In this investigation we have carried out a general morphologic and morphometric characterization of these low albedo surfaces in order to understand the nature of the sedimentary processes that led to the emplacement of these geologic materials, and their significance in the overall history of accumulation and erosion of polar layered deposits.
Geomorphology of low albedo surfaces in Planum Boreum
Our examination of north polar visual summer mosaics, obtained by the Mars Odyssey's Thermal Emission Imaging System (THEMIS) in combination with a surface water-ice map produced by spectral data obtained by the Mars Express' (MEX) OMEGA (Visible and Infrared Mineralogical Mapping Spectrometer) instrument, reveals the existence of (1) a surface of Planum Boreum that has a continuous high albedo and which consists almost entirely of water ice, (2) surfaces of Planum Boreum that show an almost continuous low albedo and which are mostly free of water ice, and (3) a mixed albedo surface characterized by having an overall diffuse water-ice signature (Figure 1) . The low and mixed albedo surfaces of Planum Boreum have a combined area of ~200,000,000 km 2 , or about 16 per cent of the total surface area of the northern polar plateau.
In the zones of Planum Boreum that have an almost continuous low albedo (Figure 1 ), both the polar troughs and the plateau surfaces along their peripheries, are largely free of water-ice (e.g. Figures 2a and 2c ). On the other hand, in mixed albedo zones of Planum Boreum, the water-ice signature is predominantly suppressed along polar troughs and ranges from diffuse to strong in the adjacent plateau surfaces (Figure 2b and 2d ). In addition, in the high albedo zone of Planum Boreum, where the surface consists of primarily water ice there are numerous troughs the surfaces of which are water-ice free (blue arrow in Figure 1b ).
THEMIS VIS spring and summer (relatively frost-free) images show that in these terrains the low albedo water-ice free surfaces correspond to terrains where dark materials form extensive mantles, which commonly consist of superposed deposits with serrated margins (e.g., Figures 3 and 4) , which in this paper we refer to as "north polar veneers". At MOC and HiRISE resolutions, the margins of north polar veneers appear diffuse and to consist of multiple streaks, which drape over (but do not bury) the underlying ULD surface textures such as bedding planes and knobby surfaces (Figure 4) .The OMEGA spectra ratios from a region with a weak ice signature and from an ice-free region with a similar albedo (Figure 2a ) indicate that areas with no significant ice signatures require at least several millimeters of mantling by water-free geologic materials, so as to prevent any large ice grain from sticking out. On the other hand, within polar troughs these mantles appear to be thick enough as to completely mute the surface texture of the underlying LLD (e.g., Figures 3a and 3c ).
The plateau surfaces that display a mixed surface albedo and have a reduced water-ice signature correspond to locations where north polar veneers have a relatively high surface albedo (typically light gray tones) (Figure 3b and 3d) .
http://marsjournal.org Morphology of initiation zones of north polar veneers Polar troughs that contain dark interior deposits (e.g., Figures 3c, 5, 6, and 7) typically comprise the locations where north polar veneers initiate. These dark interior deposits commonly form mantles that partly, or continuously, cover the floors of polar troughs (Figure 7 ). Nevertheless, in some polar troughs they form a single dark layer located at the contact between the LLD and the ULD which locally passes into pits and grooves (Figure 8 ).
Geology of Gemina Lingula. A plateau (Gemina Lingula) southeast of Chasma Boreale includes two geomorphologically distinct zones.
(1) The first is a high albedo zone that forms the only extensive part of Planum Boreum, which is not cut by polar troughs. Instead, this zone, where the surface of the ULD consists of water-ice, is marked by widespread undulations, which have a typical vertical relief of a few tens of meters ( Figure 5 ). Numerous ULD undulations extend from, or align parallel/sub-parallel to, polar troughs, which typically contain water-ice free dark interior deposits and have a typical vertical relief of 100 m ( Figure 6 ). In some cases, where the ULD undulations pass into polar troughs, their surfaces appear locally degraded into grooves--the floors of which have a relatively lower albedo than the surrounding ULD surfaces ( Figure 6 and THEMIS V12924005). The difference in elevation between the trough floor that contains the dark interior deposits and the adjacent trough where these are absent is ~100 m. Assuming that there are no abrupt changes in the elevation between the surface of the LLD materials underlying the dark interior deposits and the adjacent exposed LLD trough floors, this value represents the local thickness of the dark interior deposits in this polar trough ( Figure 6 ).
(2) A low albedo zone that is largely free of water-ice, and which is along the periphery of the high albedo zone. This terrain is extensively dissected by polar troughs, most of which contain dark interior deposits that form the source regions of veneers that extensively mantle the plateau surfaces in the region ( Figure 5 ).
A close examination of a polar trough in this region reveals (a) a section where the floor is completely covered with dark interior deposits, and (b) an adjacent section where the dark interior deposits form a ramp along a trough's flank and the underlying LLD form outcrops along the base of the trough (Figure 7 ). The plateau surfaces that form the margins of the trough section where the floor consists of dark interior deposits are more extensively covered by north polar veneers than the section where the floor partly consists of LLD.
In summary, dark interior deposits within polar troughs are the source regions of the north polar veneers that form the low albedo water-ice free surfaces in Planum Boreum (Figure 1) .
Morphology of accumulation zones of north polar veneers
The accumulation of north polar veneers on Planum Boreum does not appear to be influenced by the variations in the local topography (e.g., Figures 7a and 8a ). The lengths and widths of individual north polar veneers range from a few hundreds of meters (e.g., Figure 4 ) to a few tens of kilometers (e.g., Figure 7 ), and they commonly terminate in sedimentary deposits that are situated around the periphery of Planum Boreum ( Figure 9 ). These sedimentary deposits are thick enough in places so as to embay and bury dunes that form part of the circum-polar erg ( Figure 10 ).
Morphologic characteristics of the upper layered deposits in zones of north polar veneer occurrence The surface of Planum Boreum in zones of veneer occurrence displays various types of surface erosional morphologies. For example, Figure 11a shows a THEMIS VIS view of an edge of Planum Boreum that consists of a knobby ridge oriented perpendicular to the trends of numerous polar veneers that cover part of the polar plateau. In MOC and HiRISE images, the surface of the ULD and the residual ice cap in zones of veneer occurrence commonly display striations (grooves and ridges) (Figures 4e, 11b, and 11c) . A close-up view of a scarp that forms the margin of a striated surface reveals the existence of alternating low and high albedo layers. The scarp passes down into a series of benches that are covered in dark mantles, presumably the result of preferential retreat along the dark layers (Figures 11c and d) .
Characteristics of the sedimentary environment for the north polar veneers Stratigraphy. We have identified low albedo deposits that are stratigraphically between the LLD and ULD. We refer to the unit as the "intermediate deposits" (ID, Figures 12 and 14) . The ID appear to have a highly variable thickness as indicated by the facts that they form a thin layer along trough walls and relatively thick deposits on trough floors (~100 m). The thickness variations suggest that the emplacement of the ID took place over a densely troughed terrain, where troughs acted as sedimentary traps. This proposition is consistent with the formation of the polar troughs having taken place during and/or after the accumulation of the LLD, perhaps due to extensive surface erosion associated with the emplacement of the ID (Rodriguez and Tanaka 2007) .
Discussion
The fact that in some places the contact between the ID and the underlying LLD forms an angular unconformity (e.g., Figure 8c ) adds further support for the existence of a major erosional hiatus that preceded the emplacement of the ID. The ID appear to be absent below the ULD in some trough walls, especially those that face south, which may indicate that the ID form discontinuous deposits. Possible ID discontinuities may represent zones of no net deposition, which may have occurred where there were locally energetic surface winds during ID accumulation. Alternatively, the contact between the ULD and the ID may not be exposed in zones where the residual ice overlaps the LLD.
The fact that (1) north polar veneers (Vn in Figures 12 and 14)
commonly extend from dark interior deposits within polar troughs, (2) these two surficial deposits are free of water-ice, (3) there is a correlation between the degree of mantling by surface veneers and the size of the dark interior deposits within polar troughs (e.g., Figures 7b and 7c), and (4) some polar trough surfaces are free of water-ice but have adjacent plateau surfaces that contain modest amounts of water-ice, which is consistent with incipient veneer mantling of the residual ice (Figures 1b and 2b ), suggest that ID materials comprise the veneers' primary source regions. This proposition is further supported by the fact that ID layers locally include pits and grooves that form the source regions of north polar veneers (Figure 8 ), which indicates that the ID are more highly erodible than the underlying LLD and overlying ULD. North polar veneers have tapering ends similar to those of windstreaks, (e.g., Zimbelman and Williams 1996; Howard 2000) , which suggests they are aeolian deposits. In fact, high winds across much of Planum Boreum are indicated in mesoscale atmospheric circulation models (Tyler and Barnes 2005) .
Assuming that the tapering ends of the north polar veneers are indicative of the formative wind directions, then ID dispersion appears to commonly occur perpendicular to the central axis of polar troughs (e.g., Figures 6 and 7), which can explain the extensive north polar veneer mantling of plateau surfaces forming the margins of polar troughs that contain ID materials (e.g., Figures 1 and 7 ). Although our observations generally are not consistent with the north polar veneers being frost streaks (e.g., Thomas and Veverka 1978) (Figure 7 ), we do not rule out that some frost streaks may be http://marsjournal.org Surface ULD undulations, which are widespread in Gemina Lingula, may represent zones where there are polar troughs buried under both ID and ULD materials (Figure 12a ) This interpretation is indicated by (1) the alignment and continuity of polar troughs and ULD undulations ( Figure 5 ), (2) the existence of enclosed troughs that contain dark interior deposits along ULD undulations ( Figure 5 ), and (3) the fact that ULD appear locally degraded where it passes into polar troughs ( Figure 6 ). Therefore, we propose that the locations of ID represent exhumed zones in Planum Boreum where there has been degradation, retreat and net removal of ULD materials along surface undulations ( Figure 6 ).
In fact, the emplacement of north polar veneers along the margins of outcrops of ID would have locally decreased the surface albedo leading to surface warming and potentially driving off interstitial ice and/or shallow buried ice, as well as perhaps inhibiting water-ice accumulation. In addition, surface abrasion produced by salting particles during veneer migration would have also contributed to localized surface erosion and degradation. As a result, localized exhumation of the ID could have triggered sequences of self-propagating episodes of ULD retreat, veneer generation and polar trough exhumation.
We have identified transient plumes, presumably produced by katabatic winds, that terminate in north polar veneers (Figure 13a and 13d) and which in one case initiates at an ID layer within a polar trough (Figure 13b and 13c) , indicating that the formation of north polar veneers may indeed be an ongoing process. These observations suggest that the veneers may consist of (or contain) dust-sized sedimentary particles that were deposited out of suspension, perhaps in similar manner to deposits of dust plumes on Earth (e.g., Breed and McCauley 1986; Middleton and Goudie 2001) . Aeolian mobilization of the outcropping ID materials led to the deposition of sedimentary lags in the form of surface veneers. The fact that in extensive regions of Planum Boreum the water-ice signature of the ULD and residual ice cap is suppressed by north polar veneer deposits (Figure 1) indicates that the north polar veneers are younger than the residual ice cap, and thus form the youngest stratigraphic unit in Planum Boreum (Figure 12b ). The latest age estimate for the residual ice (upper most layer of the ULD) appears to be <20ka (Tanaka 2005) . The fact that zones of ID and north polar veneer occurrence lack a water-ice signature (Figures 1 and 2) http://marsjournal.org is consistent with a lithic composition.
The surface of the ULD and the residual ice cap commonly display striations (grooves and ridges) (Figures 4e, 11b , and 11c), and these do not appear to be of deformational origin (Tanaka 2005) . These surface striations are in places aligned with streaks that form the margins of north polar veneers (Figures 4d-f ), which suggests that surface erosion into striations may have resulted from abrasion by sand-sized particles migrating along the direction of north polar veneer propagation. Indeed, north polar veneers comprise the most widespread sedimentary deposits on the surface of Planum Boreum (Figure 12b) (Greeley et al. 1980) , which is consistent with the ULD materials along the margin of Planum Boreum having been eroded by sand into knobby ridges during the highest seasonal winds, augmented by storms, gusts, and topographic funnels (Figure 11a ). In some cases, dark interior deposits within polar troughs form mantles that climb the walls of polar troughs and resemble sand ramps (Figures 7c and 7d) . On Earth and Mars, the presence of sand ramps, or climbing dunes, facilitates saltation and indicates a potential sediment transport pathway out of valleys (Bourke et al. 2004) . Moreover, the formation of sand ramps within polar troughs is consistent with modeled Martian aerodynamics for troughs that suggest accelerated wind velocities (up to 30%) against downwind trough walls (Bourke et al. 2004 ). This may generate wind velocities sufficient to locally mobilize sand-sized sediments.
Whereas these observations suggest that the ID contain sand-sized particles, we note that striations may also be formed by snow and ice corrosion. Similar erosional processes have been suggested for the formation of sastrugi (dunes made up of snow particles) and channel-like cuts in hard-packed snow on Victoria Island, Canada (Washburn 1947) . It has been shown in experimental work that dust and snow at low temperatures can abrade rocks at the micron scale , although this has been difficult to establish under field conditions (McKenna Neuman 1993; Schlyter 1994) . If dust-sized particles are indeed capable of significantly abrading the surface of Planum Boreum, and the north polar veneers consist of dust-sized particles, then their emplacement and migration could account for the existence of surface striations.
The fact that the low albedo mantles in Planum Boreum, which primarily consist of extensive systems of north polar veneers, terminate in circum-polar terrains, is suggestive of large-scale mass transfer from Planum Boreum towards its periphery. In fact, re-deposition of the ID materials appears to have been substantial along the margins of Planum Boreum where north polar veneers terminate (Figures 9 and 10 ) and where there are extensive mantles that bury and embay dune fields, which in this work we refer to as the veneers' terminal unit (VnT, Figures 12 and 14) . If the ID consist of a mixture of sand-and dust-sized particles and the north polar veneers consist of predominantly dust-sized particles, then the VnT materials may consist of sand-sized particles carried in by saltation from outcropping ID materials (Figure 14) . We propose that this trend of sustained sedimentary migration also resulted in at least the partial exhumation of numerous north polar troughs cut in the LLD (Figures 6c, 7c and 13) .
Onset of north polar veneers activity. Our examination of striated ULD and LLD surfaces at MOC and HiRISE resolutions reveals the existence of scarps that display alternating low and high albedo layers. Some of the dark layers appear to have retreated to form series of benches covered in dark sedimentary deposits (Figures 11c and 11d) . We interpret these observations as possible indicators of alternating episodes of ice and veneer accumulation during the construction of the LLD. North polar veneers overlie the residual water-ice cap, which appears to be on average less than ~20,000 years old (Tanaka 2005) , so the veneers are likely to be much younger than that. The residual ice cap may form and retreat on time scales of tens to hundreds of thousands of years according obliquity and perihelion cycles of Mars (e.g., Laskar et al. 2002) , leading to development of the LLD and ULD stratigraphy over millions to tens of millions of years, given the hundreds to perhaps thousands of layers in these deposits. This is in apparent contradiction with the fact that most circum-polar dunes, which form the most abundant recent sedimentary features in the region, appear to be stable, and possibly even fossilized (Tanaka 2005) . Rapid emplacement and high mobility of north polar veneer sedimentary particles are suggested by: (1) the fact that although superposition of polar veneers is commonly observed, they do not appear to be thick enough to completely bury the underlying plateau surface texture (Figures 2 and 3) , (2) the fact that common landforms in sandy aeolian deposits such as ripples or dunes are not observed in the veneers (Figure 4f ), and (3) the fact that north polar veneers overlap extensive surfaces of the residual water-ice cap (Figure 1 ).
Propagation of north polar veneers.
In some cases, sedimentary plumes emerging from polar troughs consist of multiple parallel vortices (e.g., Figures 13c  and 13d ). These may indicate pathways of sedimentary migration, including those of the saltating particles that may have resulted in differential erosion of the surface and the formation of striations. We propose that the formation of striations may have led to wind funneling, thereby increasing wind speed within them and thus increasing the efficiency of saltation and erosion. This process would be analogous to the formation of terrestrial yardangs (e.g., Ward and Greeley 1984) . Thus, in spite of the low density of the Martian atmosphere, north polar veneers form part of a highly dynamic sedimentary environment, which could account for the apparent relatively rapid emplacement of north polar veneers, and the apparent stability of north polar dunes. Other factors that may have contributed to the high mobility of sedimentary particles forming the north veneers include: (1) repulsive electrostatic charging (Kolesnikov and Yakovlev 2003); (2) low angle of internal friction of cohesionless particles, which could be related to a high degree of particle sphericity and/or particle levitations due to electrostatic charges (Lambe and Whitman 1969) ; and/or (3) sustained saltation over frozen surfaces at low wind shear velocities (McKenna 1989) .
The multiple orientations of north polar veneers at local and regional scales are indicative of variable recent wind regimes (e.g., Figure 7 ). Changes in wind direction and the subsequent superposition of striation patterns can explain the formation of pitted textures in the polar plateau (Tanaka 2005) .
North polar veneers superposition relations
Albedo variability of north polar veneers. Superposition relations indicate that the albedo of progressively older veneers is typically (but not always) brighter (e.g., Figure 4a ), which may explain the discontinuity of some veneer deposits (Figure 10h ). OMEGA data reveals that relatively high albedo north polar veneers (Figure 3b and 3d) correspond to terrains where the surface water-ice signature is reduced (but not completely suppressed; Figure 2a and 2b), indicating low to modest surface water-ice abundance.
We suggest that the brightening of veneers with age could be related to (1) the number of superposed veneers, so that the accumulation of multiple veneers locally increases the concentration of (dark) sedimentary particles overlying the icy substrate, thereby leading to darkening due to a loss of transparency and the complete suppression of water-ice signature, and/or (2) older veneer materials becoming lighter due to their chemical alteration and or coating by brighter materials such water-ice crystals (which would be consistent with the fact that relatively high albedo north polar veneers have a modest water-ice signature), CO 2 frost, or salts. In this case, remobilization of older veneers may form light streaks on darker veneers. Some veneers have dark margins and brighter interiors that may indicate relative alteration within veneers as well.
Moreover, there is great variability in the relative brightness of single north polar veneers within and between various images. This may be due to the extent of the seasonal CO 2 frost cap given that the images are acquired at various times in the Martian year, changes in the conditions of illumination, and/or variations in the stretches applied to individual images.
Lack of mobility of older north polar veneers.
Because superposed veneers are oriented in multiple directions, it appears that changes in wind direction do not lead to the remobilization and re-orientation of the sedimentary particles that form at least the older veneers. This could be related to the fact that changes in wind direction do not lead to the re-orientation of veneer-forming particles, because they primarily consist of dust-sized particles, which is consistent with the fact that numerous north polar veneers appear to form the terminal deposits of transient plumes ( Figure 13 ).
When a wind shift occurs, the sand particles may continue moving but leave behind a dust lag. Alternatively, the sand particles could break up into smaller, less mobile particles, limiting the distance of veneer migration. Hydrated salts might behave this way, since their dehydration would break down the crystalline structure, cause volume loss, and result in fine-grained dehydration products. Very soft minerals such as some hydrated salts and highly weathered silicates including glass and feldspar or olivine, might also produce dust during saltation collisions of grains, because the weathering products, such as clays or zeolites, might be released as the grain fractures.
The lack of mobility of the sedimentary particles that form the north polar veneers may also result from the formation of some type of indurated layer. The simplest process, cementation by precipitating water ice, could occur only where water ice is stable at the surface and can condense on the low albedo veneer surfaces; but this may indeed be what brightens the veneers. If ice is stable at the surface, then it will probably fill pore spaces and cement clastic/lithic grains very quickly. This scenario is consistent with the fact that relatively higher albedo north polar veneers appear to contain some water-ice.
If ice is not stable on low albedo materials, then something else must occur if induration is a key process. The detection of a gypsum signature in sand dunes in the north polar sea (Langevin et al. 2005 ) raises interesting questions about the possible roles of gypsum and other salts in polar sedimentary processes. Martian indurated sedimentary veneers may form through salt cementation if temperatures attain at least the eutectic melting point of ice-salt mixtures or the dissociation temperature of hydrated salts (Brass 1980 , Marion et al. 2003 , Kargel and Marion 2004 . In principle, minute quantities of salts might cause sufficient induration to stabilize the veneers. Induration by salts might also be possible at cryogenic temperatures though the action of thermodynamically unfrozen water, which might carry trace amounts of solutes along grain boundaries. Transport of solutes in unfrozen water films might produce indurated crusts that may tend to stop aeolian erosion. Veneer induration by salts might also modify the local albedo and near-surface soil temperatures, such that ice may become stable in the soil, if it is not initially stable, thus further indurating the soil and making it resistant to erosion. Nevertheless, because it is likely that sand would re-mobilize the dust when it saltates, the fixation of north polar veneers must have involved some degree of cementation by salts, ice, or both.
Conclusions
This investigation permits the following conclusions to be drawn:
(1) ULD retreat has led to the exhumation of an underlying discontinuous low albedo sedimentary layer, the ID, which forms particularly thick deposits within polar troughs that underlie surface undulations.
(2) Mobilization of the ID has led to (a) the exhumation of pre-existing polar troughs, (b) extensive mantling by north polar veneers in Planum Boreum, and (c) the formation of significant sedimentary deposits around the periphery of Planum Boreum. This trend of sedimentary migration implies that Planum Boreum may be (or was recently) in a state of net degradation.
(3)Veneers may lead to lag deposits on LLD surfaces, such that potentially ice-rich LLD materials may be mantled. This might help explain why LLD seem to be nearly pure ice in MARSIS data but have low-ice abundance in OMEGA data.
(4) The lowering of surface albedo by the veneer deposits, as well as surface erosion by associated migrating sedimentary particles, appears to have prevented ice accumulation and promoted degradation in vast regions of the northern polar plateau.
(5) ID mobilization into transient plumes that terminate in north polar veneers suggest that the ID materials may contain dust-sized particles that were mobilized and re-deposited as north polar veneers. However, the existence of sedimentary ramps and widespread striations oriented along the inferred direction of north polar veneer propagation suggest that the ID materials also contain sand-sized particles.
(6) Thus, the ID appears to consist of a mixture of sand and dust, and the north polar veneers appear to consist of dust-sized particles. We suggest that the sedimentary deposits that surround Planum Boreum, and which are situated at the zones where the sedimentary mantles made up of north polar veneers terminate, may consisted of sorted sand-sized particles (Figure 14) . (7) Finally, stratigraphy (dust and snow layers) in ice cores on Earth is used to reconstruct paleoclimate. The assumption is that the dust layers are airfall deposits. This work shows that there are other significant endogenic sediment sources, and if these 'recent' episodes also happened in the past, then the observed layering may not all signify airfall events but may include some veneer deposits, which has important implications for the interpretation of PLD stratigraphy to infer paleo-climate signals (e.g., Milkovich and Head 2005, Laskar et al. 2002) .
Directory of supporting data

